INTRODUCTION
In 1963, Chambon et al. reported the detection of a nicotinamide mononucleotide-activated, DNA-dependent enzymatic activity in rat liver extracts that catalyzed the synthesis of a polyadenylic acid. 1 The product of this reaction was later identified as poly(ADP-ribose) or PAR, a polymer of ADPribose (ADPR) monomers derived from the oxidized form of nicotinamide adenine dinucleotide (NAD + ). 2 These initial studies have led to half a century of research on the chemistry, enzymology, structure, function, biology, physiology, and pathology of ADPR, PAR, and their derivatives, as well as the enzymes that catalyze their synthesis and degradation, and the effector proteins that interact with or are posttranslationally modified by them. In this Review, we describe the biological chemistry of PAR and its associated enzymes, effector proteins, and targets, with a particular emphasis on their roles in gene regulation, from chromatin to RNA biology.
The PARP Family
The synthesis of PAR from NAD + is catalyzed by poly(ADPribose) polymerase (PARP) enzymes belonging to the PARP family (EC 2.4.2.30), which contains at least 17 distinct proteins (Table 1) . 3 Not all PARP family members are enzymatically active, and some may function as mono(ADPribosyl)transferases rather than PARPs. 4 As a consequence, a new nomenclature describing PARPs more accurately as ADPribosyltransferases (ARTs) has been proposed. 5 The 17 PARP family members can be subdivided into four subfamilies based on their domain architectures (Table 1) . 3 These include: (1) DNA-dependent PARPs (PARP-1, PARP-2, and PARP-3), which are activated by discontinuous DNA structures (for PARPs 1 and 2, through their amino-terminal DNA binding domains) ( Figure 1) ; (2) tankyrases, including PARP5a (tankyrase-1) and PARP-5b (tankyrase-2), which contain large ankyrin domain repeats that mediate protein−protein interactions; (3) CCCH PARPs, including PARP-7 (tiPARP), PARP-12, PARP13.1, and PARP13.2, which contain Cys-CysCys-His zinc fingers that bind to RNA, as well as WWE domains, which can exhibit PAR binding activity; and (4) macroPARPs, including PARP-9 (BAL1), PARP14 (BAL2, CoaSt6), and PARP-15 (BAL3), which contain macrodomain folds that can bind ADPR and derivatives. As these examples illustrate, nature through the course of evolution has modified the PARP catalytic domain and functionalized it with a variety of other protein domains to create a set of proteins with varied activities, subcellular locations, and functions.
PARP-1 (ARDT1) is the prototypical and founding member of the PARP family (Table 1) . It is a 116 kDa protein containing a set of well-characterized structural and functional domains (Figure 1, top) . 3 These include (from the amino to carboxyl termini of the protein): (1) an amino-terminal DNA binding domain containing two zinc finger motifs, a zinc binding domain, and a nuclear localization signal (NLS); (2) an automodification domain containing a BRCA1 C-terminus (BRCT) motif (although sites of automodification outside of the historical automodification domain have now been identified 6 ); (3) a WGR (Trp-Gly-Arg) motif; and (4) a carboxyl-terminal catalytic domain containing the highly conserved PARP signature motif, which forms the NAD + binding site and defines the PARP family of proteins. This collection of structural and functional domains comprises a ubiquitous and abundant protein that is ideally suited to carry out a wide variety of functions in the nucleus. 7 Many of the functional studies of PARP family members to date have been done with PARP-1. As such, many of the examples herein are derived from the PARP-1 literature.
The catalytic activities of the DNA-dependent PARPs (PARPs 1, 2, and 3) are activated by discontinuous DNA structures. Although PARPs 1, 2, and 3 have in common carboxyl-terminal WGR and catalytic domains, their aminotermini are quite different, with PARP-1 containing a large zinc finger-containing extension (Figure 1 ). These structural differences suggest potential differences in function, including differences in specificity for DNA-dependent activation. Indeed, Langelier et al. have shown that PARP-2 and PARP-3 are preferentially activated by DNA breaks harboring a 5′ phosphate, suggesting that different DNA repair intermediates may drive the activities of these enzymes as compared to PARP-1. 8 Unlike PARP-1, the amino-termini of PARP-2 and PARP-3 are not required for DNA binding or DNA-dependent activation, yet all three PARPs share an allosteric regulatory mechanism of DNA-dependent catalytic activation through a local destabilization of the catalytic domain. 8 
Overview of the Molecular, Cellular, and Biological Functions of PAR and the PARP Family
PARP family members exhibit a wide array of subcellular distributions and expression patterns, suggesting a broad and varied biology for this family. 4, 9 Although some PARPmediated cellular responses may be independent of their catalytic activity, many of the best-characterized actions of PARP family members require PAR production and may involve distinct PAR-binding modules present in key regulatory proteins (see below). The functions of PARPs can be understood at (1) the molecular level, relating to the chemical biology of PAR, (2) the cellular level, relating to the cellular processes that they control, and (3) the biological level, relating to the physiological and pathological processes in which they play key roles (Figure 2 ). With respect to the first, three general types of regulatory mechanisms have been ascribed to PAR: inhibition of protein−protein interactions, formation of interaction scaffolds, and regulation of ubiquitylation. 10 With respect to the second, PARPs have been shown to function as regulatory proteins in a wide array of cellular processes, from transcription and DNA repair (Figure 3 ), to mitochondrial function and the formation of suborganellar bodies. 4, 10, 11 With respect to the third, PARPs have been shown to function as key components of stress responses, as well as other critical homeostatic mechanisms (Figure 2) . 7a,12 Given the dependence of PARP catalytic activity on NAD + , the functions of the PARP family members may be physically and functionally linked to cellular metabolic processes and the enzymes that control them. 13 For the purposes of this Review, we have focused on the role of PARPs in gene regulation, with a particular emphasis on the newest area of study: the role of PARPs in RNA biology.
NAD
+ METABOLISM AND PARP-1
NAD + Biosynthesis Pathways
The cellular NAD + biosynthetic pathways supply NAD + for use by PARP-1 and other PARP family members. Thus, the means by which NAD + is synthesized and consumed is relevant to our understanding of PARP function and biology.
2.1.1. NAD + as a Signaling Molecule. More than a century ago, NAD + was first discovered as a cofactor in fermentation.
14 Subsequent years of study have revealed it to be a universal energy-carrying molecule that acts as a cofactor in multiple cellular redox reactions. In these reactions, this pyridine nucleotide is reversibly oxidized (NAD + ) or reduced (NADH) by various oxidoreductases, yet the total pool remains unaltered.
A novel aspect of NAD + as a signaling molecule has emerged more recently, with the identification of NAD + -dependent enzymes, such as PARPs and sirtuins (SIRTs). These enzymes use NAD + as a substrate to catalyze their respective enzymatic reactions. However, unlike oxidoreductases, NAD + -dependent enzymes irreversibly degrade NAD + , which can lead to the depletion of cellular NAD + contents. 15 Thus, the regeneration and maintenance of nuclear NAD + is crucial for maintaining cellular signaling function.
2.1.2. NAD + Biosynthesis Pathways. NAD + can be synthesized from L-tryptophan via the de novo pathway or from other nucleotides via the salvage pathway ( Figure 4) . 15 In the de novo pathway, tryptophan is converted to quinolinic acid, which is subsequently processed by quinolinate phosphoribosyltransferase (QPRT) to form nicotinic acid mononucleotide (NaMN), a pyridine mononucleotide precursor for NAD + . 16 Alternatively, the salvage pathway utilizes the nucleobases, nicotinic acid (NA) and nicotinamide (NAM), and nucleosides, nicotinamide riboside (NR) and nicotinic acid riboside (NAR), to generate a pyridine mononucleotide. 15 Nicotinic acid phosphoribosyltransferase (NAPRT) converts NA to NaMN, while nicotinamide phosphoribosyltransferase (NAMPT) and nicotinamide riboside kinases (NRKs) use NAM and NR, respectively, to generate nicotinamide mononucleotide (NMN), another pyridine mononucleotide precursor for NAD + . 15 The only enzyme shared by both NAD + synthesis pathways is nicotinamide mononucleotide adenylyl transferase (NMNAT), which condenses ATP and a pyridine mononucleotide, NMN or NaMN, to generate pyridine dinucleotide NAD + or NaAD + , respectively, and NaAD + is further catalyzed by NAD synthetase (NADS) to produce NAD + . 17 Given that NMNAT is the only enzyme known to catalyze such reactions and is the only common enzyme between both the de novo and salvage pathways, NMNAT is considered an indispensible enzyme for NAD + biosynthesis. NAMPT acts in direct support Structural and functional organization of nuclear DNA-dependent PARPs, as well as PARP-13. PARPs 1, 2, and 3 comprise a subset of nuclear PARPs whose catalytic activity is stimulated by discontinuous DNA structures. In the case of PARPs 1 and 2, this activation by DNA occurs through their N-terminal DNA binding domains. Unlike PARPs 1 and 2, PARP-3 does not have a well-defined DNA-binding domain, but it can interact with chromatin and bind to DNA in vitro. 210, 215 PARPs 1 and 2 are poly(ADP-ribosyl) transferases, while PARP-3 is a mono(ADP-ribosyl) transferase. PARP-13.1 and PARP-13.2 contain Cys-Cys-Cys-His zinc fingers that bind to RNA, as well as WWE domains, which can bind to PAR. PARP-13.1 contains a PARP domain with an H−Y−V motif instead of the H−Y−E catalytic triad motif found in many enzymatically active PARPs, such as PARPs 1, 2, and 3, and is thus catalytically inactive. PARP-13.2 is a truncated version of PARP-13.1 lacking the PARP homology region. Abbreviations as are follows: Zn = zinc binding domains; NLS = nuclear localization signal; NES = nuclear export signal; LZ = leucine zipper motif (thought to function as a protein−protein interaction motif); BRCT = BRCA1 C-terminal motif (thought to function as a phosphopeptide binding motif); WGR = tryptophan-glycine-arginine-containing motif (may function as a nucleic acid binding motif); WWE = tryptophan-tryptophanglutamate-containing motif (functions as a PAR binding motif); H−Y−E and H−Y−V, H = histidine, Y = tyrosine, E = glutamate, V = valine. synthesis of NAD + from NMN and ATP. 19 Additional studies revealed that NMNAT transfers the adenylyl moiety from ATP to NMN or NaMN and releases pyrophosphate and also catalyzes a reversible reaction through its NAD + pyrophosphorylase activity. 20 In vitro, equilibrium favors the reverse reaction, 21 but under physiological conditions, NAD + synthesis is preferred, possibly due to abundant ATP levels and limited pyrophosphate concentrations.
Human NMNAT (hNMNAT) belongs to the nucleotidyl transferase superfamily and exists as three isoforms (NMNAT-1, NMNAT-2, and NMNAT-3), which are numbered according to the order in which they were cloned. 22 These NMNAT isoforms exhibit different tissue expression patterns and, more interestingly, unique subcellular localizations: NMNAT-1 in the nucleus, 21, 23 NMNAT-2 in the cytosol and Golgi, 21 ,22c and NMNAT-3 in the cytosol and mitochondria. 21,22c Although evidence to support the contention that cells have a compartmentalized pool of NAD + is limited, mainly due to the lack of in vivo NAD + detection methods, the unique subcellular localization of NMNATs suggests that NAD + biosynthesis is also compartmentalized within the cell. Indeed, overexpression of hNMNAT-1 in MCF-7 cells increases NAD(P)H levels in the nucleus, while having little effect on the cytosolic and mitochondrial pools of NAD(P)H. Additionally, depletion of NMNAT-1, but not NMNAT-2 or NMNAT-3, in primary myoblasts reduces the expression of mitochondrially encoded OXPHOS genes, mitochondrial DNA content, and ATP levels. 24 Moreover, Nmnat1 null mice have been reported to be embryonic lethal, 25 indicating that the cytosolic or mitochondrial pool of NAD + cannot compensate for the loss of nuclear NAD + production during embryonic development. These data support the possibility that NAD + is compartmentalized; however, additional studies are needed, and a key step in determining the compartmentalization of NAD + will be to establish technologies that allow direct detection of NAD + . Structural analyses have revealed clearer insight into how hNMNAT utilizes pyridine mononucleotides and ATP to generate NAD + . Three independent groups solved crystal structures of hNMNAT-1 and found the enzyme to be a homohexameric protein ( Figure 5A ). 26 Each monomer contains six parallel β-sheets flanked by α-helices containing the mononucleotide-binding motif. 26 Ligand binding of hNMNAT-1 is mediated by a number of conserved amino acids. Trp169 (conserved in all NMNAT sequences) stacks against the pyridine ring of nicotinamide, and Trp92 (conserved among the human NMNATs) interacts with the pyridine ring in face-to-edge fashion on the other side. Trp92, together with Glu94, also interacts with the ribose oxygen, while Ser16 and Lys57 contact the ribose phosphate. 26c An interesting feature of the hNMNAT-1 active site as compared to bacterial and archaeal NMNAT is the presence of structural water molecules (ω), which together with Asp173 can subtly change the electrostatic distribution within the substrate-binding site, allowing hNMNAT-1 to bind NMN and NaMN without conformational changes. + as a donor of ADP-ribose units and transfer these units to their target proteins. ADP-ribose transfer occurs at the catalytic domain of PARPs, which contains a donor site with a PARP signature motif that binds NAD + and an acceptor site where ADP-ribose chains are extended. 27 While the crystal structure of PARP-1 bound to NAD
+ has yet to be determined, structural homology modeling of the PARP-1 catalytic domain with NAD + bound diphtheria toxin, 28 as well as in silico characterization of PARPs, 29 suggest that the conserved His, Tyr, and Glu residues are important for ligand binding ( Figure  5B ). This conserved "H−Y−E" triad has been predicted to be critical for the positioning of NAD + during ADP-ribosylation by stacking with the nicotinamide ring of NAD + (Tyr896) and forming hydrogen bonds with the hydroxyl group of adenine ribose and nicotinamide ribose (His862 and Glu988, respectively). 27 Glu988 also forms hydrogen bonds with the hydroxyl group of the acceptor ribose (at the end of the PAR chain), which is a critical residue for adding new ADP-ribose units onto the acceptor ribose. 10 Extension of ADP-ribose is further mediated by conserved residues residing in the acceptor site of the catalytic domain of PARPs, such as His826, Lys903, Tyr907, Met890. Site-directed mutagenesis of these conserved residues significantly reduces PARP-1 poly(ADP-ribosyl)ation The crystal structure of hNMNAT-1 bound by NAD + reveals conserved amino acid residues (W169, W92, and E94 in cyan, S16 and K57 in purple) that mediate its catalytic reaction (PDB: 1KQN).
26a (B) Structure of hPARP-1 bound to DNA (PDB: 4DQY). 216 PARP-1 utilizes NAD + to generate PAR polymers. NAD + (left, shown in light brown) was positioned into the catalytic domain of hPARP-1 bound by carba-NAD (cNAD; PDB: 1A26) 30 by homology modeling with NAD + bound diphtheria toxin (PDB: 1TOX). The triad of conserved residues, H−Y−E (H862, Y896, and E988, shown in green), is required for NAD + binding. ADP from cNAD (right, shown in blue) represents the terminal region of the PAR chain. Conserved residues from acceptor sites (purple) interact with ADP from the terminal ADP-ribose.
(PARylation) activity while maintaining mono-ADP-ribosylation activity. 30 During ADP-ribose transfer reactions, one molecule of NAD + is catabolized to generate ADP-ribose and nicotinamide. The ADP-ribose unit is then transferred to the Lys, Glu, and Asp residues of target proteins, releasing nicotinamide as a byproduct of the reaction. The ADP-ribose chain can grow by up to 200 units by repeated attachment of an ADP-ribose unit to the adenine-proximal ribose unit through an α (1−2) Oglycosidic bond at the end of the PAR chain (elongation) ( Figure 6A ). In addition to linear extension, the PAR polymer can also form branches every 20−50 ADP-ribose units by forming an α (1−2) glycosidic bond between two nicotinamide-proximal riboses ( Figure 6A) . 31 Each PAR residue contains an adenine moiety with two phosphate groups that carry negative charges. Because of diverse elongation and branching processes, PAR forms strongly negatively charged heterogeneous polymers both in vitro and in vivo, although the significance of this heterogeneity has remained elusive.
Despite our understanding of how PAR is synthesized, many questions remain about the direct proteins targets of PARylation (the "PARylome"), versus those that bind to PAR. Proteomics can be an effective tool for resolving these issues.
6a,c,32 Nonetheless, determining the specific protein targets of each individual PARP remains challenging because all enzymatically active PARPs (1) use the same substrate, NAD + , and (2) produce the same product, mono(ADP-ribose) or chains of ADP-ribose, which are indistinguishable by mass spectrometry. A breakthrough approach to identifying PARP-1 targets proteome-wide has been recently reported by Carter-O'Connell et al. using PARP-1 and PARP-2 mutants that bind a "clickable" NAD + analog, followed by copper-catalyzed conjugation to an azidoalkyl reporter ("click" chemistry) and tandem mass spectrometry (Figure 7) . 33 In this study, a conserved lysine residue in the catalytic domain of PARP-1 (K903), or a homologous residue in PARP-2, was mutated to alanine, and 5-ethyl-6-alkyne-NAD + was used as a substrate. Only the PARP mutants, but not their wild-type counterparts or other wild-type PARPs, can use the NAD + analog, leading to the identification of specific targets for specific PARPs (i.e., PARP-1 and PARP-2). 33 However, the PARP-1 K903A mutant catalyzes only mono-ADP ribosylation, rather than PARylation, which may affect the faithful identification of PARP-1 targets. Therefore, improved methodologies will be required to overcome this limitation.
2.2.2. Mechanisms of PAR Action. The synthesis of a long, negatively charged polymer affects a wide array of biological processes through various mechanisms. PARylation of the protein alters its interaction with other binding partners, including proteins and nucleic acids ( Figure 6B ). For example, PARP-1 PARylates the chromatin remodeling factor FACT upon DNA damage and disrupts FACT−nucleosome interactions as well as FACT-mediated H2A/H2AX exchange.
34
PARP-1 also modifies the ATP-dependent chromatin remod- eler ISWI and histone demethylases KDM5B and KDM4D by reducing their binding to the nucleosome. 35 PARP-1-dependent PARylation has also been shown to regulate many transcription factors in a similar manner, including, but not limited to, Sp1, 36 NFAT, 37 Sox2, 38 Smad, 39 and CLOCK 40 as well as nuclear receptors such as farnesoid X receptors (FXR) 41 and estrogen receptor (ER) 42 (see below). A plausible explanation for these effects could be that PARP-1-dependent PARylation masks protein−protein interaction sites or introduces charge repulsion with strongly negatively charged polymers.
Many proteins have also been shown to bind noncovalently to PAR through PAR-binding domains or motifs. 43 In this regard, PAR may act as a scaffold to recruit regulatory proteins ( Figure 6C ). The mechanism of scaffold function is well studied in the DNA damage response process. Upon laserinduced DNA damage, PARP-1 is rapidly activated, and PAR is accumulated at the site of damage (within seconds), followed by recruitment of scaffold proteins such as XRCC1, 44 which preferentially binds to PARylated PARP-1, 44a and chemical inhibition of PAR synthesis or genetic depletion of PARP-1 abolishes XRCC1 recruitment. 44 Additionally, PAR polymers direct polycomb complexes and the nucleosome remodeling and histone deacetylase (NuRD) complex to DNA damage sites. Recruitment of these complexes deposits repressive histone marks on the chromatin, allowing a transient repressive chromatin structure at the site of DNA damage that blocks transcription and facilitates DNA repair. 45 Recent studies have led to the further identification of PARdependent recruitment of proteins to their sites of action, mediated by PAR-binding domains (Figure 8 ). CHFR (checkpoint protein with FHA and RING domains) and APLF (aprataxin PNK-like factor) both contain the PARbinding C2H2 zinc finger motif (PBZ) and are recruited in a PAR-dependent manner for checkpoint regulation and DNA damage responses, respectively ( Figure 6C) . 46 MacroH2A.1 and ALC1 (amplified in liver cancer 1) also require PAR to be recruited to their target. 47 However, these proteins contain a macrodomain, an ancient and highly conserved domain that recognizes PAR polymers in submicromolar affinities. 10, 48 MacroH2A.1 and ALC1 interact with PAR chains through their macrodomains, and inhibition of PAR synthesis or mutation in the macrodomain fails to recruit these proteins to laser-induced DNA damage sites.
47 XRCC1 and BARD1 bind to ADP-ribose through their BRCA1 C-terminus (BRCT) motifs, 49 while APTX and PNKP bind to iso-ADP-ribose through Forkhead-associated (FHA) domains. 49a The interactions between PAR and the BRCT or FHA domains mediate the relocation of the proteins containing these domains to DNA damage sites. 49 Finally, human ssDNA-binding protein 1 (hSSB1) binds to PAR and is recruited to sites of DNA damage via its oligonucleotide/oligosaccharide-binding (OB) fold, a ssDNA or RNA binding motif found in prokaryote and eukaryotes. 50 Another layer of biological process that PAR modulates is protein degradation through ubiquitylation. One mechanism of PAR-dependent ubiquitylation is through RNF146, in which the E3 ligase RNF146 binds to PAR through its WWE domain and subsequently ubiquitylates the Lys residue of the PARylated protein ( Figures 6D and 8) . 51 Like other PARregulated proteins, RNF146 binds PAR, but is not covalently modified through PARylation. 32a,51a,52 RNF146 protects against DNA damage-induced cell death by ubiquitylating PARP-1 in a PAR-dependent manner, leading to proteasomal degradation of PARP-1. 51a, 53 Interestingly, RNF146 has also been shown to regulate the Wnt signaling pathway and downstream gene expression. In this case, axin is PARylated by tankyrase (PARP-5), and RNF146 interacts with PARylated axin and controls its degradation. 54 Regulation of the cellular signaling pathway through PAR-dependent protein degradation can be another interesting mechanism that PARP-1 might apply to regulate transcription, likely through controlling the stability of PARylated transcription factors or chromatin-modifying enzymes. However, whether PARP-1 adopts a similar mechanism in transcription regulation has yet to be determined. 3b Therefore, appropriate synthesis of nuclear NAD + is required for the cells to maintain their enzymatic activity.
Among the three isoforms of NMNATs, NMNAT-1 is the only enzyme that resides exclusively in the nucleus. 21 Its unique subcellular localization suggests that it may be responsible for the regulation of nuclear NAD + -dependent enzymes, such as PARP-1 or SIRT1. Functional interplay between NMNAT-1 and NAD + -dependent enzymes was first suggested by the Wallerian degeneration slow (Wlds) mouse model, a dominant mouse mutation that can significantly delay axon degeneration. 56 The protein responsible for this phenotype was found to be a chimeric NMNAT-1 that consists of the N-terminal 70 amino acids of the Ub24B (ubiquitylation assembly factor 4B) and the full coding sequence of NMNAT-1. 57 It was proposed that this chimeric protein protects neuronal degeneration by increasing NAD + , leading to the subsequent activation of SIRT1. 58 Although the clear mechanism of this neuroprotective effect still remains elusive, overexpression of NMNAT-1 or supplying NMN, NaMN, or NR supports a protective role for NAD + synthesis during the axonal degeneration process.
58b,59
Until recently, it was unclear how enzymes involved in the NAD + synthesis pathway regulate PARP-1. The first biochemical evidence of the link between nuclear NAD + synthesis and PARP-1 was proposed by Berger and colleagues in relation to DNA damage, where NMNAT-1 interacts with PARP-1 in a PAR-dependent manner. 60 Upon binding, NMNAT-1 stimulates PARP-1 enzymatic activity. The NMNAT-1−PARP-1 interaction is regulated through phosphorylation of NMNAT-1 by protein kinase C (PKC), which reduces NMNAT-1 binding to PARP-1. 60 Moreover, Zhang and colleagues suggested that there is functional interplay between NMNAT-1 and PARP-1 in the context of transcription regulation ( Figure 9A ).
13b In Figure 8 .
Recognition of PAR chains by PAR-binding modules. (A) PAR-binding proteins utilize various PAR-binding modules to recognize PAR.
The PBZ domain (blue) uses a zinc-coordinated fold that recognizes the α(1 → 2) O-glycosidic bond between two ribose units. 10 Solution structure of the first PBZ domain in a complex with ribofuranosyladenosine (upper right panel, PDB: 2KQD) 217 and CHFR bound to P(1)P(2)-diadenosine 5′-pyrophosphate (lower right panel, PDB: 2XOY) 218 are shown as examples. The macrodomain binds to the terminal ADP-ribose residue of PAR (red, upper left panel, PDB: 2BFQ) 78a or mono-ADP ribosylated protein, 219 and the WWE domains recognize the iso-ADP-ribose residue (green). Human RNF146 WWE domain in complex with iso-ADP-ribose is shown as an example (lower left, PDB: 3V3L). 52 (B) A table summarizing different PAR-binding modules. PAR-binding motifs (PBM) are short amino acid sequences found in PAR-binding proteins such as XRCC1. 10 The OB fold is a ssDNA-or RNA-binding motif in prokaryotes and eukaryotes; however, the OB fold of human SSB1 recognizes iso-ADP-ribose.
MCF-7 cells, NMNAT-1 is recruited to promoters of target genes via PARP-1. This study also revealed that NMNAT-1 could enhance PARP-1 enzymatic activity upon binding, although the interaction was rather direct, instead of through the PAR polymer. Moreover, the enzymatic activity of NMNAT-1 was required for PARP-1-dependent PARylation at the promoters, indicating that NMNAT-1 regulates PARP-1 through protein−protein interactions as well as providing the PARP-1 substrate, NAD + . 13b Although the functional link between NMNAT-1 and PARP-1 has been established, how this interplay affects biological processes requires further study.
2.3.2. Crosstalk between PARP-1 and SIRT1. As mentioned previously, PARPs and SIRTs require a common substrate, NAD + , for their enzymatic reactions, which indicates that NAD + utilization by one enzyme can affect the enzymatic activity of the other ( Figure 9B ). In the nucleus, two major NAD + -dependent enzymes, PARP-1 and SIRT1, have been suggested to compete for NAD + . Many studies have reported that chemical inhibition or genetic depletion of PARP-1 can increase total cellular NAD + content and induce SIRT1 enzymatic activity (see below). However, intracellular NAD + concentration has been reported to fall within the 200−500 μM range, which is significantly higher than the K m value of PARP-1 (20−60 μM) or SIRT1 (150−200 μM) for binding of NAD + . A reasonable explanation for this discrepancy is a subcellular difference in NAD + concentration or localized NAD + production. Indeed, the nuclear NAD + concentration, estimated by using two-photon microscopy, is 70−90 μM, 61 a concentration that is likely to rate-limit SIRT1. Thus, regulating PARP-1 enzymatic activity may result in alteration of SIRT1-dependent deacetylation events, although the molecular mechanisms remain to be clarified.
Another possible mechanism that PARP-1 and SIRT1 might share is the interaction with NAD + -synthesizing enzymes. Like PARP-1, SIRT1 has also been shown to interact with NMNAT-1 and recruit NMNAT-1 to its target gene promoter ( Figure  9A ). 62 Depletion of NMNAT-1 results in the alteration of SIRT1 histone deacetylase activity and downstream gene expression, suggesting that nuclear NAD + synthesis by NMNAT-1 is required for SIRT1 to regulate target gene expression. 62 Moreover, NMNAT-1 also interacts with the nucleolar protein nucleomethylin (NML), which forms a complex with SIRT1 to regulate rRNA (rRNA) synthesis.
63
Taking into account the role of PARP-1 in rRNA transcription (see below), accessibility toward NMNAT-1 could be a mechanism by which cells coordinate NAD + -dependent enzymes for the regulation of both mRNA and rRNA transcription.
While the competition for NAD + or NMNAT-1 might influence PARP-1 and SIRT1 activity, direct crosstalk between these enzymes has been proposed as another layer of regulatory mechanism. So far, there is no clear evidence that PARP-1 PARylates SIRT1; however, deacetylation of PARP-1 by SIRT1 has been demonstrated ( Figure 9C ). Acetylation of PARP-1 was reported in macrophages and cardiomyocytes in the context of NF-kB-dependent immune and stress responses, respectively.
64 Acetylation activates PARP-1 independent of DNA damage, and SIRT1 inhibits PARP-1 activation by deacetylation.
64b Interestingly, increasing NAD + concentration inhibits the PARP-1−SIRT1 interaction in vitro, suggesting that SIRT1-dependent PARP-1 regulation might occur when NAD + is the limiting factor. 64b Altogether, these studies indicate that NAD + signaling in the cell is tightly regulated by functional interplay between NAD + synthesis and consumption as well as by crosstalk between the enzymes involved in these biological processes.
OVERVIEW OF THE ROLES OF PARPs IN THE REGULATION OF GENE EXPRESSION
Over the first four decades of studies into the functions of PAR and PARPs, the major emphasis by far has been on their role in DNA damage detection and repair processes. 11a,65 While these studies have been fruitful and have revealed many interesting aspects regarding the functions of PAR and PARPs, they have missed some important aspects of the biology. Over the past two decades, a growing literature has revealed an important role for PARP-1 family members, with an emphasis on PARP-1, in the regulation of chromatin, transcription, and gene expression.
7b,9,11b,d,66 Most recently, an emerging literature has implicated PARPs in another aspect of gene regulation, RNA biology. 4 ,67 Thus, the three major molecular roles of PARP family members characterized to date are (1) DNA damage detection and repair, (2) transcriptional regulation, and (3) RNA biology. In the sections below, we discuss the role of PARPs in gene regulation, again with a focus on PARP-1 and with an emphasis on newly discovered roles in RNA biology, beginning first with a brief overview.
Overview of the Mechanisms of PARP-1-Dependent Gene Expression
Although originally overlooked as an important aspect of PARP biology, gene regulatory and transcriptional roles for PARP-1 and other PARP family members are, by now, well established in the literature. 7b,9,11b,d,66 A survey of the literature reveals at least four distinct, but interrelated, ways in which PARP-1 acts to control how genes are expressed and how the levels of gene products are maintained. They are (1) modulation of chromatin, (2) transcriptional coregulation, (3) modulation of DNA methylation, and (4) regulation of RNA. These are discussed briefly below, followed by a detailed review of the literature on the role of PARPs in RNA biology in the next section. (Note that the first three topics have been reviewed extensively elsewhere 7b,9,11b,d,66 for readers interested in more detail than we have presented here.)
3.1.1. PARP-1 as a Modulator of Chromatin. Chromatin, a repeating array of nucleosomes, is a protein−DNA complex that comprises genomic DNA, core histones (i.e., H2A, H2B, H3, and H4, or perhaps core histone variants), linker histones (e.g., H1), and other chromatin-associated proteins. 68 Many early studies on the nuclear functions of PARP-1 and PAR showed that they can modulate chromatin structure, promoting the decompaction of chromatin by reducing interactions between nucleosomes and reducing nucleosome-dependent higher-order structures.
11a,66a For example, in Drosophila, activation of dPARP (the PARP-1 homologue) promotes decondensation of chromatin in response to heat shock or other cellular signaling pathways. 69 Furthermore, PARP-1-dependent PARylation of native polynucleosomes promotes decondensation, mimicking the effects of linker histone H1 depletion. 70 These effects may be mediated by PARylation of H1 by PARP-1 70 or competition between PARP-1 and H1 for binding to nucleosomes.
71 PARdependent effects on the compaction state of chromatin are highly dynamic 66a,69b due, in part, to enzymes that can hydrolyze PAR, such as poly(ADP-ribose) glycohydrolase (PARG) 72 and ARH3, 73 or remove the terminal ADP-ribose, such as macrodomain-containing hydrolases, MacroD1, MacroD2, and C6orf130/TARG1, 6b,74 to remove PAR chains and proximal mono(ADP-ribose) moieties from proteins.
Other effects of PARP-1 on chromatin are mediated, in part, by its effects on core histones or core histone variants. PARP-1 has been shown to PARylate histones, as well as nonhistone, chromatin-associated proteins.
11a,66a Presumably, histone ADPribosylation (either mono-or poly-) affects the biochemical properties of the histones, thus altering nucleosome structure, or promotes interactions with chromatin-modulating proteins that contain ADPR-binding modules. 10, 48 Emerging evidence supports the conclusion that damaged DNA is not required to stimulate the enzymatic activity of chromatin-associated PARP-1. In fact, PARP-1's catalytic activity can be stimulated by histones, nucleosomes, cellular signaling pathways, and proteinbinding partners. 66,71a,75 For example, proinflammatory signaling induces PARP-1 enzymatic activity and histone ADPribosylation at transcriptionally active and accessible chromatin regions in macrophages, 75c lending support to the idea that (1) histones, as well as nonhistone, chromatin-associated proteins, are PARylated at specific loci in vivo and (2) PARP-1's catalytic activity can be stimulated by cellular signaling pathways. Conversely, the amino-terminal tails of core histones have been shown to regulate PARP-1 enzymatic activity, which could serve a regulatory role for PARylation by chromatin-bound PARP-1.
11a,66a, 76 Studies with the Drosophila H2A variant H2Av (a homologue of mammalian H2A variants H2Az and H2Ax) have shown that replacement of canonical H2A with H2Av alters the conformation of nucleosomes and promotes the binding of dPARP to H3 and H4. 77 Phosphorylation of H2Av in response to cellular signaling pathways exposes the H4 N-terminal tail even further to activate dPARP catalytic activity, which in turn directs heat-shock-induced transcriptional activation and genotoxic stress-induced DNA repair. 76, 77 Studies with macro-H2A, another H2A variant that has a macrodomain in its extended C-terminal domain, have shown that the 1.1 isoform, but not the 1.2 splice variant, binds both ADPR and PAR. 78 The macrodomain may allow chromatin-bound macroH2A1.1 to bind to PAR produced locally by PARP-1, resulting in macroH2A1.1-dependent chromatin compaction. 47a Recently, Muthurajan and colleagues reported another interesting aspect of PARP-1 function in relation to the regulation of chromatin, where automodified PARP-1 functions as a histone chaperone. 79 In this case, automodified PARP-1, which has reduced affinity for nucleosomes, binds to free histones and facilitates nucleosome assembly. Interestingly, the PAR-binding protein APLF also exhibits histone chaperone activities via its C-terminal acidic motif, which is homologous to a motif conserved in histone chaperones of the NAP1L family. 80 These data suggest that PARP-1 may function as a histone chaperone by directly binding or recruiting other factors to facilitate nucleosome assembly.
In addition to its directs effects on components of chromatin, PARP-1 may also modulate the localization and activity of a broad array of histone-modifying and nucleosome remodeling enzymes. For example, PARylation of KDM5B, a histone lysine demethylase that acts on histone H3 lysine 4 trimethyl (H3K4me3), inhibits KDM5B binding and demethylase activity at specific sites in the genome. 35c This leads to an increase in the levels of H3K4me3 at the promoters of PARP-1-regulated genes, supporting continued gene expression. Likewise, physical and functional interactions with PARP-1 can alter the activity of ATP-dependent nucleosome remodeling enzymes. For example, PARylation of Drosophila ISWI by dPARP inhibits ISWI nucleosome binding, ATPase, and chromatin condensation activities at heat-shock loci. 35b In contrast, PAR-dependent interactions between PARP-1 and ALC1, a macrodomaincontaining nucleosome remodeling enzyme, promote nucleosome remodeling by ALC1, as well as recruitment of ALC1 to specific loci in the genome.
47b,81 Thus, as illustrated here, PARP-1 (and potentially other nuclear PARPs, such as PARP-2 and PARP-3) can modulate gene expression by altering chromatin structure to affect transcriptional outcomes.
3.1.2. PARP-1 as a Transcriptional Coregulator. In addition to its role as a modulator of chromatin structure to control gene expression, PARP-1 has also been shown to act as classical transcription factor-dependent coregulatory protein. As a coregulator, PARP-1 functions with the basal transcription machinery, other coregulators with enzymatic activities (e.g., histone-modifying enzymes and nucleosome remodelers), and In this regard, two types of coregulatory functions have been ascribed to PARP-1: (1) scaffold and (2) exchange factor.
With respect to the former (i.e., scaffold), PARP-1 may act as scaffold by interacting with and promoting the recruitment of other coregulators independent of its DNA binding and catalytic activities. In this regard, PARP-1 has been shown to interact with the protein arginine methyltransferase PRMT1 and the protein acetyltransferase p300/CBP to support NF-κB-dependent gene expression.
64a,82 With respect to the latter (i.e., exchange factor), PARP-1 has been shown to promote the release of inhibitory factors and the recruitment of stimulatory factors to DNA-bound transcription factors. PARP-1-dependent exchange of opposing pairs of factors has been observed for: (1) inactive Cdk8-positive Mediator, which is exchanged for an active Cdk8-negative Mediator during retinoic acid-regulated activation, 83 (2) a TLE1-containing corepressor complex, which is exchanged for a HAT-containing coactivator complex during signal-dependent gene regulation in neuronal cells, 84 and (3) a corepressor complex containing NCoR and HDAC3, which is exchanged for an activation complex containing topoisomerase IIβ (TopoIIβ) at steroid hormone-regulated promoters. 85 The detailed mechanisms of how PARP-1 is recruited to specific transcription factors or specific genes to act as a transcriptional coregulator, however, are not well understood, but are likely to involve recruitment to specific sites in the genome by sequencespecific DNA binding transcription factors.
7b,66b
These examples illustrate a common theme of coregulation by PARP-1, the modulation of protein complex formation, which may occur as a result of PARP-1 scaffolding functions or PARP-1 enzymatic activity.
3.1.3. PARP-1 as a Modulator of DNA Methylation. An emerging literature over the past decade or so has shown that PARP-1 can alter the methylation of genomic DNA.
86 PARP-1 may mediate these effects by regulating the expression or activity of the DNA methyltransferase Dnmt1.
86b, 87 In this regard, PARP-1 may directly interact with Dnmt1 through newly synthesized PAR polymers to inhibit Dnmt1 DNA methyltransferase activity. 88 PARP-1 has been shown to interact functionally with the methylcytosine dioxygenase Tet2, an enzyme that catalyzes the conversion of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (hmC). 89 These interactions may play a key role during somatic cell reprogramming, acting to promote an epigenetic program that directs transcriptional induction at pluripotency loci; PARP-1 regulates the 5mC modification, while Tet2 promotes the early generation of 5hmC by the oxidation of 5mC. 89 However, it is currently unknown if PARP-1 directly regulates Tet2 enzymatic activity. As these examples show, modulation of DNA methylation by PARP-1 can impact the genome and affect gene expression outcomes.
3.1.4. PARP-1 as a Regulator of RNA. A growing body of evidence indicates that PARP-1 plays an important role in various aspects of RNA biology. First, PARP-1 binds and acts in concert with noncoding pRNAs (promoter-associated RNAs; see below) to retain the silent rDNA chromatin in the nucleolus. 90 Second, PARP-1 plays an essential role in ribosomal biogenesis in the nucleolus by PARylation of several nucleolar proteins in Drosophila. 91 Third, PARP-1 was identified as a novel mRNA binding protein, 92 as well as a factor in the human pre-mRNA 3′-end-processing complex. 93 In addition, PARP-1 PARylates heterogeneous nuclear ribonucleoproteins (hnRNPs), which are involved in alternative splicing of pre-mRNAs and translation. 94 Fourth, six PARPs, two PARG isoforms, and PAR are required for the cytoplasmic posttranscriptional regulation of mRNA in stress granules (SGs).
67b Last, other PARP family members, such as PARP-13/ ZAP and PARP-2, have been implicated in viral gene expression 95 and in nucleolar processes, 96 respectively.
Integration of Mechanisms in PARP-1-Dependent Gene Expression
Gene regulation by PARP-1 may (1) be stimulatory or inhibitory, (2) require or function independently of PARP-1 catalytic activity, (3) exhibit gene-specific, cell type-specific, cell state-specific effects, and (3) be altered by activation of cellular signaling pathways. As might be expected for a key regulatory enzymes that functions at the hub of many nuclear processes, PARP-1 is subject to the regulatory actions of upstream signaling pathways that can control PARP-1 activity and function. 7 Although activation of PARP-1 by damaged DNA has been the most widely studied mechanism, 11a other mechanisms for the regulation of PARP-1 enzymatic activity have also been identified: (1) interactions with DNA and protein binding partners, (2) posttranslational modifications, and (3) nuclear NAD + metabolic enzymes, many of which can be influenced as the end point of cellular signaling pathways.
7,13a The details of these modes of PARP-1 activation have been covered elsewhere within this Review, as well as in other published reviews. Recently, genome-wide transcriptome analyses have revealed that many RNA species other than protein-coding mRNAs are produced and may have profound effects on cellular physiology and pathology. 97 One such class of RNA known as noncoding RNA (ncRNA) is a functional RNA molecule that is not translated into protein.
98 ncRNAs are involved in various biological processes, such as (1) transcription, splicing, translation, stability, and translation of mRNA; (2) chromosome maintenance and segregation and epigenetic memory as in Xchromosome inactivation; (3) various human diseases, including cancers and neurodegenerative, inflammatory, and cardiovascular diseases; (4) stress response; (5) scaffolding for the assembly of macromolecular complexes such as rRNA and chromatin complexes; and (6) embryonic pluripotency, differentiation, and development and reprogramming of somatic cells.
97−99 ncRNAs include (1) transfer RNA (tRNA) and ribosomal RNA (rRNA), which are involved in messenger RNA (mRNA) translation; (2) antisense RNA (asRNA), long noncoding RNA (lncRNA), microRNA (miRNA), and small interfering RNA (siRNA), which are all involved in gene regulation; (3) small nuclear RNA (snRNA), which is involved in RNA splicing; (4) Y RNAs, which are components of the Ro60 ribonucleoprotein particle and are essential for the initiation of active chromosomal DNA replication forks through interactions with replication proteins; (5) small nucleolar RNA (snoRNA), which is involved in guiding site-specific methylation and pseudouridylation of rRNA nucleotides and promoting rRNA folding and stability in the nucleolus; and (6) piRNA, which binds to the PIWI subfamily of the Argonaute family of proteins and is involved in transposon repression via target degradation mechanisms. 98b, 99, 100 Emerging evidence indicates that direct interaction of various ncRNAs with RNA-binding proteins (RBPs) contributes to the pathogenesis of several types of disease through the pathological dysregulation of gene expression. For instance, RBPs such as heterogeneous nuclear ribonucleoprotein K (hnRNP-K) regulate chromatin structure and gene expression through physical interaction with lncRNA-p21 in various disease models. 101 In addition, the lncRNA HOTAIR (HOX antisense intergenic RNA) acts as a scaffold that binds polycomb-repressive complex 2 (PRC2) to sites of target genes, leading to altered histone H3 lysine 27 methylation and gene expression. 102 Recently, it has been shown that SPT5L protein binds chromatin and works together with argonaute 4 (AGO4) in the recruitment of a complex composed of lncRNAs and the switch/sucrose nonfermentable (SWI/SNF) complex to mediate transcriptional silencing at silenced loci.
103
These studies raise the interesting possibility of identifying new ncRNA−protein interactions and determining the role that these interactions contribute to the understanding of gene expression.
4.1.2. The Role of PARP-1 and Noncoding RNA in Silent rDNA Chromatin. Ribosomal RNA genes (rDNA) exist in two distinct chromatin states: (1) a permissive state for transcription and (2) a transcriptionally repressive state.
104 A growing body of evidence indicates that rRNA genes exist in a heterochromatic, transcriptionally silent chromatin structure regulated by NoRC, the nucleolar remodeling complex, through epigenetic reprogramming such as DNA methylation, histone modification, and chromatin remodeling activities.
104b,105 NoRC, consisting of the ATPase SNF2h and the nucleolar protein TTF-1-interacting protein-5 (TIP5), is recruited to rDNA promoters by the transcription termination factor TTF-I bound to a promoter-proximal terminator element. 106 To modify histones, NoRC recruits and interacts with the histone deacetylase HDAC1, which mediates deacetylation of histone H4 tails as well as remodels rDNA chromatin. NoRC also recruits DNA methyltransferase (DNMT), which methylates CpG residues within the rDNA promoter.
107 This epigenetic reprogramming leads to impaired binding of upstream binding factor (UBF), selectivity factor (SL1), and transcription initiation factor IA (TIF-IA) to the nucleosomal rDNA promoter and subsequent transcriptional silencing and heterochromatin formation.
105,108
Recent studies have shown that PARP-1 interacts with NoRC-associated RNA (pRNA), which represses repeated rRNA gene transcription and establishes transcriptionally silent rDNA chromatin with TIP5 ( Figure 10) . 90, 109 pRNA is a 150− 250-nucleotide ncRNA transcript that originates from an intergenic spacer promoter positioned upstream from the pre-rRNA transcription start site and is complementary in sequence to the rDNA promoter.
109c PARP-1 also interacts with TIP5, the large subunit of the chromatin remodeling complex, NoRC, via the noncoding pRNA and binds to the promoter of silent rRNA genes and promotes the formation of silent rDNA chromatin. More specifically, PARP-1 PARylates TIP5 as well as newly synthesized rDNA chromatin, suggesting The catalytically inactive PARP-1 E988K mutant leads to impaired repression of rRNA transcription and methylation of rDNA, suggesting that PARP-1-mediated PARylation plays an essential role in the regulation of silent rDNA chromatin formation. 90 In addition, depletion of PARP-1 leads to (1) increased rRNA synthesis, (2) decreased methylated rDNA levels, and (3) decreased levels of H3K9me2 bound to rDNA, a histone mark associated with silent rDNA chromatin. 90 Taken together, the studies described here indicate that PARP-1 and PARylation inhibit rRNA synthesis and maintain silent rDNA chromatin by direct interaction with pRNA and the chromatinremodeling complex NoRC, causing epigenomic reprogram- ming during cell division. Because direct interaction of various ncRNAs with proteins contributes to regulation of gene expression in the various biological processes mentioned above, it will be interesting and informative to determine the underlying mechanism of the functional interactions between PARP-1 and ncRNAs in gene regulation.
PARP-1 and Ribosome Biogenesis in the Nucleolus
4.2.1. Ribosome Biogenesis in the Nucleolus. Ribosome biogenesis is required for assembly of four different rRNA molecules (25S/28S, 18S, 5.8S, and 5S) with more than 70 ribosomal proteins synthesized by RNA polymerase I, II, or III in eukaryotic cells. 110 Ribosome biogenesis is a fundamental process required for cellular adaptation to changing environments, responses to changes in cellular growth rate and metabolic activity, and proliferation. Ribosomal biogenesis is a very complex process that involves the following series of events: (1) synthesis of ribosomal components by all three types of RNA polymerase, (2) pre-rRNA processing and modification, (3) assembly with ribosomal proteins and preribosomal particles, then (4) exit from the nucleus to become mature ribosomes in the cytoplasm. 110, 111 Ribosome biogenesis begins in the nucleolus, the site of rRNA transcription, maturation, and assembly with ribosomal proteins to form preribosomal particles. The nucleolus contains a cluster of tandemly repeated rRNAs as well as various classes of proteins.
112 It is also associated with many RNA processing factors, such as RNA-modifying enzymes and various proteins involved in the production and assembly of ribosome subunits. Additionally, cell-cycle control, DNA replication and repair, transcription factors, splicing factors, chromatin-related factors, and RBPs such as hnRNPs and RNA helicase were identified as nucleolar proteins by bioinformatic analyses of proteomic data. 112b,113 These diseases are associated with mutations of a gene encoding nuclear proteins that are known to be present in the nucleolus under specific cell-cycle stages or in response to specific stimuli. For example, the RECQ classes of DNA helicase (WRN and BLM, mutated in Bloom syndrome), which are expressed and localized in the nucleus during interphase, relocate and accumulate in the nucleolus during S phase. The RTSassociated protein RECQL4 accumulates in the nucleolus after oxidative stress, suggesting that nucleolus localization of certain mutated proteins is crucial in human genetic disorders.
Another protein associated with nucleolus localization has been implicated in various diseases such as cancer and neurodegenerative disorders. Parathyroid hormone-related protein (PTHrP) is a nuclear/nucleolar protein that (1) is Figure 11 . Model of ribosomal biogenesis regulated by PARP-1. rDNA gene is transcribed into the 45S rRNA precursor (pre-rRNA), which is subsequently modified and processed into 5.8S, 18S, and 28S rRNAs by various rRNA-processing and rRNA-modifying factors. These rRNAs assemble with ribosomal proteins and preribosomal particles and then exit from the nucleus to become functional ribosomes in the cytoplasm. PARylated PARP-1 within rDNA contributes to formation of the dynamic PAR network in the nucleolus. This dynamic PAR network plays an essential role in rRNA processing, modification, and the loading of subsets of ribosomal proteins by regulating the localization of nucleolar-specific proteins in proximity to precursor rRNA in the nucleoli of Drosophila. PARP-1 mutants express a deletion in the PARP-1 protein or disruption of PARP-1 enzymatic activity, which leads to (1) altered subcellular localization of nucleolar-specific proteins, (2) nucleolar fragmentation, (3) delayed RNA processing, (4) a significant increase in rRNA intermediates, and (5) a decrease in ribosome levels.
91,221
Chemical Reviews frequently associated with the head, neck, breast, lung, and kidney, (2) involves the nuclear import receptor importin 1, and (3) accumulates in the nucleolus during G1 in response to mitogenic factors. 113 It has also been shown that there is a relationship between the nucleolus and various neurodegenerative diseases, including Alzheimer's disease, Huntington's disease, and spinocerebellar ataxias. Hence, it will be interesting and informative to determine the underlying mechanism of the functional regulation of the set of nucleolar proteins in human disease. (Figure 11) . 91 PARP-1 is preferentially localized to the nucleolus; more specifically, PARP-1 is accumulated in the dense fibrillar component of nucleolar foci, where primary rRNA gene transcription and processing of pre-rRNA is initiated. 114 Proteomics analyses using a combination of mass spectrometry and sequence database searches also showed the presence of PARP-1 in the nucleolus of HeLa cells.
115 Interestingly, PARP-1 accumulation in nucleoli is altered upon treatment with an RNA synthesis inhibitor, indicating that PARP-1 localization is related to RNA synthesis in nucleoli. 116 Nucleoli consist of three different components, the fibrillar center, the dense fibrillar component, and the granular component, and these regions are manifestations of major events such as rDNA transcription, processing, and ribosome assembly.
112a In addition to ribosome biogenesis, the nucleolus has been implicated in cell-cycle regulation, storage of nuclear factors, and the processing of spliceosomal small nuclear U6 RNA, telomerase RNA, and signal recognition particle RNA. 117 Interestingly, ADP-ribosylation reactions in nucleoli of exponentially growing HeLa cells indicate that PARP-1 PARylates a set of nucleolar proteins, including the nucleolar phosphoproteins numatrin/B23 and nucleolin/C23. 118 These proteins have been implicated in rRNA transcription, rRNA maturation, ribosome assembly, and nucleo-cytoplasmic transport, suggesting that they are required in ribosome biogenesis. 119 For example, nucleophosmin/B23 is localized in granular regions of the nucleolus and is associated with preribosomal particles and assembly of ribosomes, suggesting that it is a key regulator in ribosome biogenesis.
119a Nucleolin/ C23 is involved in the first rRNA processing step by interacting with the pre-rRNA substrate and U3 snoRNP to promote cleavage within the 5′ external transcribed spacer.
119b In addition, PARP-1 contributes to the nucleolar localization of fibrillarin, a nucleolar protein known to be involved in prerRNA processing during ribosomal biogenesis. 91 dPARP protein, dPARP activity, and PAR levels are significantly enriched in the nucleoli of Drosophila, suggesting that dPARP plays a role in nucleolar function. 91 dPARP contributes to nucleolar integrity and localization of nucleolar-specific proteins in proximity to precursor rRNA in the nucleoli of Drosophila. Depletion of dPARP protein in the ParpCH1 mutant leads to altered subcellular localization of nucleolar-specific proteins such as fibrillarin, AJ1, and CCo1311. 91 In addition, inhibition of dPARP activity by 3-aminobenzamide (3AB) caused nucleolar fragmentation of fibrillarin, suggesting that dPARP and its enzyme activity are required for the maintenance of Drosophila nucleolar structural integrity. 91 The nucleoli of PARP-1 and PARG mutants reveal profoundly condensed areas positioned close to nuclear lamina, which may affect nucleolar functions such as rRNA processing and ribosome biogenesis. For example, the ParpC03256 mutant (which expresses a short isoform of the dPARP protein lacking the first zinc finger), 120 and the Parg27.1 mutant (which lacks two-thirds of the PARG ORF, including the conserved catalytic domain), 121 cause a delay in RNA processing and a significant increase in the levels of rRNA intermediates. The accumulation of rRNA intermediates, such as 47S and 36S rRNA transcripts, in PARP-1 mutants is caused by defects in RNA processing factors but not by altered transcriptional activity, because PARP-1 mutants reveal delocalization of nucleolar proteins required for rRNA processing. This accumulation results in a lack of polysomes, abnormal amounts of mature ribosomal subunits, and defects in mRNA translation. Interestingly, nucleolar rRNA processing and ribosome maturation-associated proteins, such as fibrillarin, nucleolin, AJ1, and nucleophosmin, interact with PAR, suggesting that PARP-1 enzyme activity plays an important role in ribosome biogenesis through PAR, which may act as a matrix for binding these nucleolar proteins and keeping them together in proximity to pre-rRNA. 91 It has been shown that, upon DNA damage such as UV light exposure, γ radiation, and cross-linking by cisplatin, rRNA synthesis is blocked in cells. 122 Inhibition of the DNA repair proteins such as DNA-dependent protein kinase (DNA-PK) or PARP-1 prevented DNA damage-induced block of rRNA synthesis, suggesting that PARP-1 activation by DNA damage also plays a key role in the regulation of rRNA synthesis.
PAR in Ribosome Biogenesis. CCCTC-binding factor (CTCF)
, which is bound to transposable element sequences within the rDNA, plays an important role in regulation of rDNA and nucleolar stability in Drosophila. 123 Nucleolar accumulation of CTCF depends on rDNA transcription and protein synthesis, as well as its PARylation. The 180 kDal PARylated isoform of CTCF is predominantly localized in the nucleolus, where it inhibits RNA polymerase I transcription. 117 Inhibition of PARylation is associated with reestablishment of active nucleolar transcription through reduced CTCF nucleolar translocation. 117 CTCF inhibits nucleolar transcription, and its activity is regulated by PARylation, indicating that this may be essential for CTCF nucleolar localization and function. 117 Knockdown of CTCF gene activity results in nucleolar fragmentation and increased rDNA expression as well as expression of rDNA-associated transposable elements, similar to that seen in disruption of PARylation. This finding suggests that PAR modification affects regulation of rDNA and nucleolar stability by modulating nucleolar localization of CTCF.
4.2.5. Other Factors in Ribosome Biogenesis. NMNAT-1 binds to PARP-1 at target gene promoters to support PARP-1-dependent PARylation through NAD + production and thereby enhances the enzymatic activity of PARP-1 as mentioned above. During glucose deprivation, NMNAT-1 is recruited to the energy-dependent nucleolar silencing complex (eNoSC), which contains the nucleolar proteins nucleomethykin (NML), SIRT1, and SUV39H1. The interaction of NMNAT-1 with the eNoSC is responsible for the establishment of heterochromatin by modulating H3K9 dimethylation and subsequent repression of rDNA transcription. 124 Depletion of NMNAT-1 leads to increased rRNA synthesis, implicating NMNAT-1 in the regulation of rRNA transcription and ribosome biogenesis during nutrient deprivation. 63 NMNAT-1 recruitment into the NML−SIRT1 complex causes local NAD + production that leads to SIRT1-Chemical Reviews 125 RBPs physically interact with pre-mRNA and mRNA to form ribonucleoprotein (RNP) complexes. 126 RBPs and RNPs are implicated in posttranscriptional control of gene expression, cellular homeostasis, and RNA biogenesis in eukaryotes. More specifically, they have been implicated in synthesis, stability, alternative splicing, polyadenylation, cellular localization, folding, translation, and translocation of mRNA. 125, 126 Interestingly, aberrant expression of RBPs affecting the temporal, spatial, and functional dynamics of RNAs has been shown to be involved in various human diseases, including neurodegenerative disorders and cancer. 125 Although the range of mRNA types bound by PARP-1 has not been explored in detail, PARP-1 was identified as a novel RBP by a method that used covalent UV cross-linking of RBPs to RNA followed by proteomic analysis in human HeLa cells. 92 This study raised the interesting possibility that PARP-1 plays crucial roles in many aspects of RNA processing to alter gene expression via regulation of cellular mRNAs. Taken together, the identification and characterization of PARP-1−mRNA interactions may provide important insights into the role of PARP-1 in mRNA regulation and subsequent human disease.
PARP-1 and Poly(A) Polymerase (PAP).
Polyadenylation is a process comprised of endonucleolytic cleavage of pre-mRNAs catalyzed by CPSF73 followed by the synthesis of a poly(A) tail onto the 5′-cleaved product by PAP. 127 Additionally, the human pre-mRNA 3′-processing complex contains approximately 85 proteins, including core 3′-processing factors and over 50 proteins that may mediate crosstalk between pre-mRNA 3′-processing and other nuclear events. 127 Key aspects of polyadenylation are associated with mRNA metabolism, including transcription termination, mRNA stability, mRNA export to the cytoplasm, and the efficiency of translation. 127, 128 Proteomic and structural analyses have identified PARP-1 as a factor in the human pre-mRNA 3′-end-processing complex, and studies imply a role for PARP-1 in its activation, assembly, and function. 93 PARP-1 activation by NAD + inhibits lengthening of the poly(A) tail in vitro by PARylation of PAP, which may inhibit its enzymatic activity. PARP-1 inhibition restores polyadenylation activity in vitro, suggesting that PARP-1 enzymatic activity is crucial for the regulation of PAP-induced polyadenylation.
Interestingly, PARP-1 is activated in vivo by heat shock, which is associated with significant inhibition of polyadenylation activity (Figure 12 ). In response to heat shock, PARP-1 PARylates PAP, which decreases its binding to the transcribed gene and results in the inhibition of polyadenylation and subsequent alteration of gene expression. By inhibiting polyadenylation, PARP-1 provides an additional layer of protection against cellular stress by preventing mRNAs from being translated into proteins that may misfold during heat shock. 93 Emerging evidence indicates that PAP is modified by various posttranslational modifications, including phosphorylation, acetylation, and sumoylation, 129 which result in important changes in its enzyme activity, nuclear localization, stability, and association with the 3′-processing complex. 129, 130 This study highlights the expanding role for PARP-1 as a regulator of polyadenylation by decreasing PAP enzyme activity. As a result, the enzyme loses its ability to bind to the 3′ end of mRNA precursors in PARylation-dependent mechanisms. Taken together, PARP-1 plays a crucial role in mRNA metabolism by directly interacting with and PARylating PAP.
4.3.3. PARP-1 and Splicing. Cajal bodies (CBs), which are nuclear organelles, contain a variety of components, including small nuclear ribonucleoproteins (snRNPs), small nucleolar RNPs (snoRNPs), RNA polymerase II transcription factors, and nuclear proteins. 131 CBs have been implicated in the Figure 12 . The role of PARP-1 as a regulator of polyadenylation during heat shock. (A) Lengthening of the polyadenylated 3′ end of an mRNA is associated with endonucleolytic cleavage of pre-mRNAs catalyzed by CPSF73, which recognizes the highly conserved AAUAAA hexamer, followed by the synthesis of a poly(A) tail onto the 5′ cleaved product by PAP under normal conditions. 93, 222 (B) PARP-1 activation by heat shock inhibits generation of the poly(A) tail by PARylation of the PAP, which is associated with significant inhibition of polyadenylation activity. PARylated PAP loses its ability to bind to the 3′ end of mRNA precursors, which subsequently arrests gene expression. The arrow represents the cleavage site. 93, 222 Chemical Reviews formation of the spliceosome and the maturation of RNPs, both of which are essential for pre-mRNA splicing. They have also been shown to play a role in pre-rRNA processing.
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When PARP-1 is automodified by PARylation, it dissociates from chromatin and colocalizes with PAR to CBs to regulate their formation and disassembly. 133 By promoting the noncovalent interaction of nuclear proteins with PAR, PARylated PARP-1 may act as a shuttle to deliver nuclear protein−PAR complexes into the CBs. For example, PARP-1 interacts with key protein components of CBs, such as coilin and fibrillarin, in a PAR-dependent manner and is required for their localization to the CB. PARP-1 loss-of-function mutations resulted in the dissociation of coilin and fibrillarin, fragmentation of coilincontaining bodies, and relocalization of fibrillarin from the nucleolus to the cytoplasm. These findings suggest that PARP-1 and PAR may play an important role in regulating the integrity of CBs, thereby affecting various processes, including transcription and splicing.
HnRNPs are well-known to bind directly to nascent transcripts and are involved in transcriptional regulation, alternative splicing of pre-mRNAs, pre-rRNA processing, nucleo-cytoplasmic transport localization, translation, and stability of mRNAs. 134 Interestingly, 11 human hnRNP proteins (A1, A2/B1, C1/C2, G, H, K, E1, A3, L, M, U) contain a conserved PAR-binding motif (Table 2) . 135 Various proteomics approaches as well as pulse-chase experiments utilizing [ 32 P]-labeled NAD + as substrate have shown these proteins to be PARylated, suggesting a functional interplay between PAR and hnRNPs in RNA biology. 135 Interestingly, PARylation of hnRNPs attenuates the RNA-binding ability of hnRNPs and results in the dissociation of hnRNPs from target RNA, suggesting that PARylation plays an important role in hnRNP regulation. 94, 135 PARP-1 overexpression, PARG loss-of-function, and heatshock treatment all result in increasing PARylation of hnRNPs, which alters their association with nascent RNAs and thus modulates alternative splicing pathways. For example, the Drosophila hnRNPs Squid/hrp40 and Hrb98DE/hrp38 are regulated in vivo by PARP-1 and PARG in a PARylationdependent manner. 94 It has been shown that these hnRNPs are similar to the human hnRNP A/B type and are involved in premRNA splicing. Squid/hrp40 is also implicated in proper RNA localization. PARylation of Squid/hrp40 and Hrb98DE/hrp38 leads to diminished RNA-binding activity of the hnRNPs, which results in their dissociation from target RNA and alters their alternative splicing activities in vivo. More specifically, PARylation of Squid/hrp40 and Hrb98DE/hrp38 increases splicing of the intron in the Ddc pre-mRNA; however, splicing of the intron in the Hsrω-RC transcript is suppressed. 94 These findings highlight the role of PAR and PARP-1 in regulating alternative splicing by modulating the binding of hnRNPs to their target RNAs. 136 SGs, which are transient cytoplasmic RNA− protein complexes, have been implicated in the translation and stability of mRNAs during the stress response in eukaryotic cells. 137 These granules are formed under a variety of stress responses that are implicated in suppression of translation initiation, including heat−cold shock, oxidative stress, 138 viral infection, 139 energy deprivation, 140 and glucose starvation. 141 In addition, SGs contain nontranslating mRNAs and a variety of proteins, including those involved in translation initiation (eIF4E, eIF4G, eIF4A, eIF3, and eIF2), mRNA function (small ribosomal subunits and poly(A)-binding protein), 136, 142 and RBPs such as TIA-R, TIA-1, and G3BP. 143 Using a library of GFP fusions to human PARPs and antibodies against each PARP, Leung et al. identified PAR, six PARPs (PARP-5a, PARP-12, PARP-13.1, PARP-13.2, PARP-14, and PARP-15), and two PARG isoforms (PARG99 and PARG102) as SG components associated with the assembly and disassembly of cytoplasmic SGs 67b ( Figure 13 ). The proteins identified also contribute to SG integrity upon occurrence of various stressors, including heat shock, glucose deprivation, and treatment with the proteasome inhibitor MG132 or with translation-initiation inhibitors.
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A recent study has shown that the formation of RNA granules lacking a boundary membrane can be mimicked in vitro by incubating cell or tissue lysates with a biotinylated isoxazole reagent (b-isox) . 144 This chemical selectively precipitates a set of RBPs with significant overlap to the constituents of RNA granules. 144b The mRNAs associated with these RBPs contain extended 3′ UTR sequences and are enriched in binding sites for known granule-associated proteins.
144a Interestingly, the granule-associated proteins overlap significantly with proteomic data sets of PARylated proteins, suggesting that PAR may play a role for RNA granule assembly. On the basis of these findings, Leung et al. proposed that PAR plays crucial roles in the assembly of RNA granules to form cellular structures, such as SGs. 145 RNA granule proteins, which are enriched for low complexity regions that aid selfassembly, are preferentially PARylated, promoting the formation of "droplets" by increasing the local concentration of proteins through noncovalent interactions.
Interestingly, PAR colocalizes with the miRNA-binding protein argonaute 2 (Ago 2), RNA decay factor G3BP1, translational suppressor TIA-1, and poly(A)-binding protein PABP, which are responsible for regulation of mRNA translation and decay in SGs upon arsenite-mediated oxidative stress.
67b Moreover, Ago family members Ago1−4, G3BP1, and TIA-1, but not PABP, are modified by PAR in unstressed cells.
67b Under stress conditions, these proteins exhibit significantly increased PARylation and are subsequently enriched in SGs, which suggests that PAR is required for the cytoplasmic posttranscriptional regulation of mRNA, potentially through modulation of cytoplasmic RBPs in SGs. These SG-localized PARPs and PARGs may play a crucial role in the assembly and maintenance of SG structure through modulation of local PAR concentration.
In particular, Argonaute family members play a crucial role in miRNA processing and posttranscriptional regulation of miRNA expression, and their association is required for SG localization. 146 Upon stress in SGs, increased PARylation of PARP-13.2 and Argonaute by PARP-12 and PARP-15 alleviates miRNA silencing activity, suggesting that PAR modification affects the formation of Argonaute−miRNA complexes or accessibility of these complexes to their target mRNA, resulting in alterations of miRNA-mediated translational repression and miRNA-directed mRNA cleavage. The knockdown of two cytoplasmic isoforms of PARG induced PAR modification of Ago2, resulting in a decrease in miRNA-mediated repression. Taken together, PAR is implicated in miRNA-mediated translation repression and miRNA-directed mRNA cleavage by modification of miRNA-binding Ago family members, resulting in altered posttranscriptional gene expression in the SGs. These observations highlight the novel role of PARPs and PARG in posttranscriptional gene regulation via modulation of microRBPs in PAR-dependent mechanisms under the stress response.
4.4.2. Regulation of Retroviral RNA by PARP-13/ZAP. PARP-13/ZAP (CCCH-type zinc finger antiviral protein) was identified as an active antiviral cDNA that inhibits infection by a genetically marked retrovirus in virus-resistant cells.
95 PARP-13/ZAP regulates viral gene expression through degradation of viral mRNAs and subsequent inhibition of virus replication by directly interacting with the viral RNA via four unusual CCCHtype zinc fingers in the cytoplasm. In addition, the shorter PARP-13 isoform (ZAPS) directly interacts with the RNA helicase RIG-I upon treatment with 5′-triphosphate-modified RNA. 147 This interaction leads to increased RIG-I-mediated antiviral signaling and subsequent inhibition of viral replication after infection with RNA viruses through activation of IRF3 and NF-κB transcription factors. Consistent with these results, PARP-13/ZAP is implicated in the regulation of viral gene expression either by directly interacting with viral mRNAs or by activating the RIG-I pathway, which is responsible for degradation of viral RNA. Interestingly, PARP-13/ZAP is catalytically inactive, 3b,67b,95,148 suggesting the possibility that PARP-13 function may require prior ADP-ribosylation by another PARP to "jumpstart" its activity. PARP-13 has two isoforms; the PARP-13.2 isoform lacks a PARP domain, while + mRNAs, RBPs, and stalled translation-initiation factors. Upon stress, (1) PARG activity decreases, and (2) multiple proteins, including Ago2, G3BP1, and TIA-1, are PARylated by SG-localized PARPs and exhibit significantly increased PARylation and subsequent enrichment in SGs. SG-localized PARPs (SG-PARPs; SG-PARPs) and PAR may play a crucial role in the assembly and maintenance of SG structure by functioning as a framework to join diverse mRNA−protein complexes together. RBPs are modified by PAR and become cross-linked to PARbinding proteins, resulting in the assembly of SGs. In addition, PARylation of SG-PARPs and Ago2 by other SG-localized PARPs as well as a high local concentration of PAR near the Ago2−miRNA complex, affects the formation of Ago2−miRNA complexes or the accessibility of these complexes to their target mRNAs, resulting in alterations to miRNA-mediated translational repression and miRNA-directed mRNA cleavage.
67b,223
Chemical Reviews Most recently, evolutionary analyses of all primate PARPs have shown that additional PARPs, including PARP-4, PARP-9, PARP-14, and PARP-15, may be involved in host−virus interactions. However, it is still unclear whether these PARPs are implicated in the regulation of viral gene expression by directly associating with viral RNAs to carry out their functions. 149 4.4.3. PARP-2 and RNA Biology. PARP-2 exhibits 69% homology with the catalytic domain in PARP-1, catalyzes PARylation of proteins in the cellular response to DNA damage, and is implicated in various physiological roles, including maintenance of genome integrity, heterochromatin integrity, cell death, differentiation, spermatogenesis, adipocyte differentiation, T cell development, and inflammation. 150 The N-terminal SAF-A/B, Acinus, and PIAS DNA-binding (SAP) domain (a putative DNA−RNA binding motif) of PARP-2 (ARTD2) directly interacts with short rRNA and other singlestranded RNAs in nucleoli. 96 PARP-2-dependent ADPribosylation is significantly activated by RNA binding, suggesting that RNA is a new activator of PARP-2 enzymatic activity. Hydrogen peroxide (H 2 O 2 ) or N-methyl-N′-methylnitro-N-nitrosoguanidine (MNNG) in combination with actonimycin D treatment leads to the accumulation of short rRNA transcripts, resulting in activated PARP-2 activity and a subsequent increase in PAR formation in the nucleolus. This increased cellular PAR formation may play an important role in various nucleolar processes, including ribosome biogenesis, suggesting that PARP-2 activity regulated by RNA is an essential factor in nucleolar functions such as cellular adaptation to changing environments, response to changes in cellular growth rate and metabolic activity, and proliferation. The Nterminal domain of PARP-2 contains a nucleolar localization signal and localizes within the whole nucleolus independently of PARP-1.
Like PARP-1, PARP-2 partially colocalizes with nucleolar proteins, including nucleophosmin/B23, which is implicated in rRNA transcription and maturation, ribosome assembly, and rRNA processing. 151 The nucleolar accumulations of PARP-1 and PARP-2, together with B23, are delocalized from the nucleolus with RNA polymerase I inhibitor treatment but not with RNA polymerase II inhibitors and are moderately affected upon oxidative or alkylated DNA damage, suggesting that their nucleolar localization depends on changes in nucleolar transcription processing. This study shows that murine fibroblasts deficient in PARP-1 or PARP-2 are not affected in ribosomal transcription, suggesting that nucleolar accumulations of PARP-1 and PARP-2 are not essential factors for rRNA transcription. 96 However, a growing body of evidence indicates that PARP-1 plays an important role in formation of heterochromatin through regulation of rRNA transcription in nucleoli as well as modulation of ribosomal biogenesis in Drosophila nucleoli. 90, 91 Further mechanistic studies of PARPs and PAR will provide insight into the function of these factors in the regulation of ribosomal biogenesis that takes place in the nucleolus.
4.4.4. PARPs and RNA Splicing. The interactomes of PARP-1, PARP-2, and PARG, discovered by affinity-purification mass spectrometry (AP-MS) combined with gene ontology analysis, have revealed that PARP-1, PARP-2, and PARG have profound effects on RNA splicing. 32b For instance, PARP-1 interacts with various hnRNPs, splicing factors, snRNPs, and THO/TREX, which are associated with the splicing machinery. In addition, PARP-2 and PARG interact with ATP-dependent RNA helicase, hnRNPs, polyadenylate-binding protein 1, and nuclease-sensitive element-binding protein 1 (YBX-1), which are involved in various types of RNA processing, including splicing. Moreover, PAR forms a complex with alternative splicing factor/splicing factor 2 (ASF/SF2, a prototypical SRprotein) and inhibits topoisomerase I-dependent phosphorylation of ASF/SF2, resulting in an altered incidence of alternative splicing and subsequent gene expression. 152 These findings strongly indicate that PARP-1, PARP-2, and PARG play an important role in the regulation of RNA splicing in a PAR-dependent manner.
PHYSIOLOGY AND PATHOPHYSIOLOGY OF PARP-1 AND OTHER PARPs
Because of the important role of PARP-1 in the DNA damage response and transcriptional regulation, a substantial number of studies have been focused on determining the pathological and physiological outcomes of PARP-1 using various biological systems. Initially, the pathophysiology of PARP-1 was mainly focused on DNA damage and genome instability caused by genotoxic, oxidative, and oncogenic stresses. The known physiological role of PARP-1 has expanded more recently, and it has become implicated in various biological processes such as development, metabolism, the immune response, circadian rhythms, differentiation, and reprogramming. Development of the Parp1 knockout mouse has not only significantly contributed to determining the physiological functions of PARP-1, but has also generated contradictory results. In the section below, we will discuss several pathophysiological roles of PARP-1 in the context of animal studies and additionally highlight some of the most recent advances as well as remaining questions.
PARP-1 in Genome Maintenance and Carcinogenesis
During the 1990s, three independent groups generated PARP-1 null mice targeting different exons. Wang et al. reported the first Parp1 knockout mice by targeting exon 2 in a 129/Sv, C57BL/6 mixed background. 153 The mice were viable and exhibited normal postnatal development with only a mild phenotype. 153 This was surprising, because PARP-1 is one of the most immediate protein responders upon DNA damage and was expected to be lethal when genetically deleted. Subsequent generation of PARP-1 null mice by different groups targeting other exons (de Murcia et al.
154 exon 4 in a 129/Sv, C57BL/6 mixed background; Masutani et al. 155 exon 1 in an ICR, 129/Sv mixed background) also confirmed the absence of an obviously abnormal phenotype of Parp1 knockout mice. However, these mice are more sensitive to chemical-or γ irradiation-induced genotoxic stress 153, 154 and show genomic instability 154,156 independent of the exon targeted or genetic background, suggesting that PARP-1 may play an important role in genome maintenance under stress conditions. Indeed, Parp1 −/− mice show increased susceptibility to various carcinogens and frequent tumor formation as compared to Parp1 +/+ mice, 157 supporting the role of PARP-1 in genome stability.
Genome instability caused by loss of PARP-1 is enhanced when PARP-1 is depleted together with other tumor-suppressor genes. For example, PARP-1 deficiency (deleting exon 2) in p53 null mice (Parp1 −/− p53 −/− ) enhances tumorigenesis as compared to Parp1 +/+ p53 −/− mice, resulting in a high −/− mice, where the mice show delayed tumor formation, possibly due to abolition of nitric oxide synthase (iNOS) expression (Table 3) . 163 This disparity can possibly be explained by (1) different exon deletions in each study, which might generate truncated transcripts of PARP-1, or (2) using a mixed genetic background (129/Sv × C57BL/6), which might cause genetic variation. However, more careful studies are required to explain this discrepancy between different PARP-1-deficient phenotypes.
PARP-1 in Inflammation and Stress Responses
Subsequent studies over the past two decades have provided a more comprehensive understanding of PARP-1's role in inflammatory responses. The initial observation of PARP-1-dependent inflammation regulation came from inhibitor studies where PARP-1 inhibition suppressed induction of inflammatory-response genes such as IL-6, TNF-α, and iNOS upon lipopolysaccharide (LPS) or TNF-α treatment in macrophages. 164 These initial observations were further confirmed in vivo using Parp1 knockout mice, which show extreme resistance to LPS-induced endotoxic shock and attenuation of neutrophil recruitment followed by reduced organ injury. 165 The clear anti-inflammatory phenotype of Parp1 knockout is obtained through regulation of the transcription factor NF-κB, a master regulator of inflammatory responses, in which the absence of PARP-1 reduces induction of genes downstream of NF-κB during immune responses. 165b Although it now seems clear that PARP-1 regulates NF-κB-dependent transcription, the clear mechanism of how PARP-1 regulates this transcription factor remains debatable. Hassa et al. reported that PARP-1 directly interacts with both p50 and p65 in vitro, but neither DNA-binding nor enzymatic activity were required for the activation of NF-κB, while acetylation of PARP-1 by p300/CBP was required for the regulation of NF-κB-dependent transcription.
64a,82a,166 By contrast, different groups have shown that the enzymatic activity of PARP-1 is important for NF-κB activation, where PARylation of the p50/ p65 dimer or automodification of PARP-1 are critical for their binding to DNA and subsequent transcription activation.
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PARP-1 also modulates the inflammatory response through regulating other important immune-related transcription factors. For example, PARP-1 positively regulates AP-1, a transcription factor responsible for cytokine production and T helper cell differentiation. 168 In the absence of PARP-1, the DNA binding of AP-1 is inhibited through altered activation of JNK and MEK-4. PARP-1 has also been shown to modulate NFAT transcription factor activity in T cells by PARylating NFAT. 169 Moreover, PARP-1 has recently been shown to be involved in the differentiation of regulatory T cells 170 as well as TGF-β signaling in CD4 + T cells, 171 suggesting an extensive role for PARP-1 in immune responses.
Regulation of both the DNA damage response and the inflammatory signaling by PARP-1 suggests its importance in multiple tissue damage caused by various stresses. Ischemia and reperfusion injury is a type of tissue damage triggered by transient disruption of the normal blood supply followed by reperfusion. During this process, tissue injury is mediated by reactive oxygen species (ROS)-induced DNA damage and also the rapid transcriptional activation of pro-inflammatory genes. 172 A wide array of studies has revealed the role of PARP-1 in ischemia reperfusion injuries in various tissues. For instance, mice in which PARP-1 is inhibited or knocked out are resistant to N-methyl-D-aspartate (NMDA)-induced toxicity or ischemia reperfusion damage in the brain.
173 PARP-1 also plays a major role during the process of tissue injury in heart, kidney, liver, intestine, and lung, where inhibition or genetic ablation of Parp1 dramatically reduces tissue damage caused by ischemia and reperfusion. 174 The protective effect of PARP-1 inhibition is due to reducing the severe drop in NAD + and ATP levels caused by ROS-induced DNA damage, as well as inhibiting proinflammatory gene expression. 175 
PARP-1 in Metabolism and Energy Expenditure
The initial observation of the role of PARP-1 in relation to metabolism came from knockout mouse studies where Parp1 −/− mice were resistant to streptozotocin (STZ)-induced diabetes. This phenotype was consistent in two different types of Parp1 knockout mice (disruption of exon 1 or exon 2) in different genetic backgrounds (129/Sv × ICR and 129/Sv × C57BL/6, respectively). 176 Only more recently, however, has the novel aspect of PARP-1 as a metabolic regulator been suggested. In an obesity-resistant (129/Sv) background, Parp1 knockout leads to age-related and diet-induced obesity. Hyperleptinemia, glucose intolerance, and insulin resistance were observed in Parp1 −/− mice, suggesting a protective role for PARP-1 against metabolic stress. 177 Bai et al., however, reported contradictory observations using Parp1 knockout mice in an obesity-prone (C57BL/6J) background, where Parp1 ablation led to protection against diet-induced obesity, decreased fat deposition, and improved glucose metabolism. 178 In this study, Parp1 deficiency led to SIRT1 activation in muscle and brown adipose tissue. SIRT1 deacetylates PGC1-α and FOXO1, transcription factors responsible for oxidative metabolism, leading to mitochondrial biogenesis and enhanced energy expenditure. 179 In line with this observation, chronic inhibition of PARP-1 also resulted in improved mitochondrial function and enhanced energy expenditure via SIRT1 activation, supporting the negative role of PARP-1 in metabolism. 180 It has been suggested that activation of SIRT1 in Parp1 −/− mice is due to increased NAD + availability. Interestingly, mice fed with the NAD + precursors NMN or NR resemble the metabolic phenotypes of Parp1 −/− mice in the C57BL/6 background, resulting in enhanced oxidative metabolism and protection against diet-induced obesity and related metabolic disorders.
181 SIRT1 is activated in both NMN-and NR-fed mice, supporting the possibility of SIRT1 activation via increased NAD + accessibility. The reason why Parp1 −/− mice exhibit contrasting metabolic phenotypes is still elusive. It is possible that the genetic differences between the 129/Sv and the C57BL/6 strains affect the metabolic outcome of PARP-1 loss.
7a Indeed, C57BL/6J mice harbor a loss-of-function deletion of the nicotinamide nucleotide transhydrogenase gene (NNT), which encodes a mitochondrial protein that catalyzes production of NAD + through the reversible reduction of NADP + by NADH, supporting the possibility of strain-specific effects. 182 However, Erener et al. also challenged Parp1 −/− mice in a C57BL/6 background with high-fat diet feeding and observed conflicting results. In this study, loss of PARP-1 led to lower body weight and reduced fat mass but impaired glucose metabolism, and hepatic lipid accumulation and dyslipidemia were also observed (summarized in Table 4) . 183 Thus, strain specificity is insufficient to explain the different metabolic phenotypes of Parp1 −/− mice. Considering the ubiquitous expression of PARP-1 in various tissues, it is possible that systemic deletion of PARP-1, rather than strain specificity, affects the metabolic outcome of PARP-1. Further studies using tissue-specific knockout of Parp1 will be required to elucidate the role of PARP-1 in metabolism.
PARP-1 in Circadian Rhythms
Circadian clocks in peripheral organs are controlled by the interplay between transcriptional activators and repressors, which generates a negative feedback loop of core clock gene expression. In peripheral tissues, metabolic cycles, such as feeding and fasting, regulate the oscillation of their internal clocks. 184 The regulation of the circadian clock by NAD + -dependent transcriptional regulation was first suggested by an in vitro study where DNA binding activities of CLOCK− BMAL1, master transcription factors responsible for the clock oscillation, are strongly affected by NAD(P) + /NAD(P)H levels. 185 Subsequent studies further revealed that NAMPT is expressed in a circadian manner and generates daily oscillations of NAD + levels, affecting circadian gene expression through the covalent modification of clock transcription factors and chromatin-associated proteins by SIRT1. 186 Recently, Asher et al. reported a profound role for PARP-1 in the regulation of circadian clocks in peripheral tissues. In the liver, PARP-1 PARylates CLOCK transcription factor, disrupting its DNA binding and promoting a phase-shift in the interaction of CLOCK−BMAL1 with the PER and CRY repressor proteins. 40 Enzymatic activity of PARP-1 oscillates in response to feeding stimuli, and Parp1 knockout mice exhibit altered circadian rhythms and CLOCK−BMAL1-dependent gene expression. 40 Although how PARP-1 is regulated by food intake still remains elusive, these results indicate that PARP-1 is a critical player in modulating the circadian clock in the liver connecting nutrient intake with gene expression.
Interestingly, a role for PAR in the regulation of circadian period length in the plant Arabidopsis has recently been described. 187 Mutation of TEJ, a gene encoding a ., causes a long free-running period, affects clock-controlled transcription, and alters the timing of the photoperiod-dependent transition from vegetative growth to flowering. Treatment with a PARP inhibitor rescues the period phenotype of the tej mutant and shortens period length in wild-type plants. These results suggest that PARylation of an oscillator component may contribute to setting the period length of the central oscillator in Arabidopsis. The enzymatic activity of dPARP is required for modulating heterochromatin structure as well as chromatin loosening at the sites of ecdysone response genes during development, and dPARP loss-of-function causes larval lethality, 188 indicating its pivotal role in developmental processes. PARP-1 has also been shown to regulate mammalian germ line development, especially oocyte maturation. Although Parp1 null female mice are fertile, isolated oocytes from Parp1 knockout mice display meiotic defects such as incomplete homologous chromosome synapsis and persistent histone H2AX phosphorylation. 189 The lack of any embryonic developmental defect due to Parp1 knockout can be explained by functional redundancy with other PARPs, such as PARP-2, and the embryonic-lethal phenotype of Parp1/Parp2 double-null mice supports this possibility 190 (see below).
5.5.2. PARP-1 in Cellular Differentiation. PARP-1 has been implicated in various cellular differentiation processes. Differentiation of cells requires a complex cascade of transcription factor actions, and PARP-1 coordinates these processes mainly through regulating the transcription factors involved. In immune cell differentiation, Parp1 genetic ablation reduces TH2 cell differentiation and enhances regulatory (CD4 + /CD25 + /Foxp3 + ) T cells. 170, 191 PARP-1 also regulates neuronal differentiation by exchanging corepressor complexes with coactivators at the target gene promoter. In neuronal stem cells, MASH1 gene expression is repressed by the transcription factor HES1, which subsequently recruits the TLE corepressor complex containing PARP-1 to the promoter of the MASH1 gene. 84 During differentiation, PARP-1 mediates PDGFdependent release of the TLE complex and further recruits HAT-containing coactivator complex and derepresses expression of the MASH1 gene. 84 In addition, PARP-1 regulates adipocyte differentiation by regulating PPARγ-dependent gene expression, 192 supporting the role of PARP-1 as a regulator of cellular differentiation processes.
PARP-1 also plays roles in embryonic stem (ES) cell differentiation. When injected into nude mice, Parp1 −/− ES cells develop into teratocarcinoma-like tumors expressing sets of genes belonging to the trophoblast lineage. 193 In line with tumor development, PARP-1-deficient ES cells also exhibit increased expression of trophoblast marker genes in culture, indicating that PARP-1 inhibits ES cell differentiation into trophectoderm lineages. 193 Genome-wide alteration of gene expression upon PARP-1 depletion in ES cells is significantly greater than that in liver (about 10% in ES cells and 3% in liver), 194 suggesting a significant role for PARP-1 in regulating the gene expression of ES cells. In ES cells, major transcription factors, such as Oct4, Sox2, and Nanog, coordinate maintenance of pluripotency and self-renewal as well as differentiation.
195 PARP-1 PARylates Sox2 during ES cell differentiation inhibits Sox2 binding to the enhancer region of fibroblast growth factor 4 (FGF4), leading to enhanced FGF4 expression, and promoting differentiation.
38a Collectively, the available data suggest that PARP-1 regulates various cellular differentiation processes through modulating transcription factors and subsequent gene expression.
5.5.3. PARP-1 in Somatic Cell Reprogramming. The breakthrough discovery by Takahashi and Yamanaka to reprogram somatic cells into pluripotent stem cells has promising therapeutic potential in regenerative medicine. 196 Introducing four major transcription factors, Oct4, Sox2, Klf4, and c-Myc (together referred to as OSKM), into somatic cells enables these somatic cells to undergo epigenetic reprograming and generate inducible pluripotent stem cells (iPSCs). 197 The first evidence of PARP-1's role in this reprogramming process came from a functional screen of epigenetic modification factors that identified PARP-1 as a potent inducer of OSKMmediated iPSC generation (Figure 14) . 89 During somatic cell reprogramming, PARP-1 is recruited to the Nanog and Esrrb loci, thereby establishing the active chromatin state, as well as promoting accessibility to the Oct4 transcription factor. 89 Interestingly, Klf-4 or c-Myc can be replaced by PARP-1 in OSKM-induced iPSC generation, 198 suggesting PARP-1 as a reprogramming factor. Mouse embryonic fibroblasts (MEFs) derived from Parp1 knockout mice significantly reduced reprogramming efficiency, and both DNA binding and enzymatic activity of PARP-1 are essential for iPSC generation, 89, 198 highlighting the importance of PARP-1 and PARylation during the reprogramming process. PARP-1 has also been shown to regulate Sox2 and subsequent FGF4 expression during iPSC generation.
38b As in ES cell differentiation, PARP-1 acts by PARylating Sox2 transcription factor. 38 Collectively, these data suggest that PARP-1 plays a profound role in cellular reprogramming and further suggest potential therapeutic applications for PARP inhibitors.
Physiology and Pathophysiology of Other PARP Members
The PARP superfamily has 17 members, each sharing homology to the catalytic domain of PARP-1 containing a Figure 14 . Regulation of somatic cell reprogramming by PARP-1. Somatic cells undergo epigenetic reprogramming to generate iPSCs when OSKM transcription factors are introduced. PARP-1 regulates iPSC generation by regulating Sox2 and subsequent FGF4 expression, 38b and regulates Nanog and Essrb gene expression during reprogramming by promoting accessibility to the Oct4 transcription factor at the Nanog and Essrb loci. 89 In addition, PARP-1 can also act as a direct reprogramming factor, replacing Klf-4 or c-Myc during OSKM-induced iPSC generation.
conserved β−α−loop−β−α NAD + -binding fold. 3b Studies over the past decade have begun to reveal the physiological and pathological roles of the other PARP family members. Below, we highlight some of the key results in the context of the pathophysiological role of other PARPs.
5.6.1. PARP-2. PARP-2 (see Figure 1) was first discovered as a result of the residual PARP activity upon DNA damage in Parp1-deficient MEFs.
150a Similar to PARP-1, PARP-2 is also activated by DNA-strand breaks and accumulates at sites of DNA damage. 199 Parp2 −/− mice exhibit no obvious phenotype in the absence of genotoxic insults and are also viable and fertile. However, Parp2 −/− mice are more susceptible to ionizing radiation 190 and, like Parp1 −/− mice, develop spontaneous tumors in a p53-deficient background. 200 The similar phenotype observed in both Parp1 and Parp2 knockout mice, as well as the absence of any severe abnormalities, suggest functional redundancy between the two PARPs. In fact, mice deficient in both Parp1 and Parp2 are embryonic lethal prior to E8.0, while Parp1 +/− Parp2 −/− mice show female-specific lethality at E9.5, which is associated with X-chromosome instability. 190 These results support the functional overlap of PARP-1 and PARP-2 in genome maintenance and embryonic development.
Although studies of PARP-2 are limited compared to PARP-1, PARP-2 has also been shown to regulate inflammatory responses. Parp2 −/− mice show attenuated neuronal inflammation and lymphocyte infiltration in a mouse model of multiple sclerosis 201 and are protected from focal cerebral ischemia. 202 In addition, antisense oligonucleotide-mediated PARP-2 depletion reduces inflammation and leads to significant improvement of colitis in IL-10-deficient mice, 203 illustrating the importance of PARP-2 in immune responses.
Recent reports have described PARP-2 as a novel regulator of various cellular differentiation programs. Parp2-deficient mice exhibit severely impaired spermatogenesis, thymopoiesis, and adipogenesis, supporting the role of PARP-2 in the regulation of differentiation. More specifically, Parp2 −/− mice show defective meiotic sex chromosome inactivation, impaired chromosome segregation, and a defect in prophase of meiosis I due to massive apoptosis at pachytene and metaphase I stages, leading to subsequent spermatogenesis failure. 204 Genetic ablation of Parp2 also affects thymopoiesis, leading to decreased numbers of CD4 + and CD8 + thymocytes as well as the total number of cells and thymus weight. 205 In adipocyte differentiation, PARP-2 acts as a cofactor of the PPARγ transcription factor, controlling the expression of PPARγ target genes, which are involved in adipocyte function. PARP-2-deficient mice display reduced weight of white adipose tissue and reduced differentiation of preadipocytes to adipocytes. 206 The functions of PARP-2 as a transcriptional coregulator of PPARγ raise the possibility of targeting PARP-2 in obesity and related metabolic disorders. Indeed, PARP-2 regulates energy expenditure in muscle and liver by modulating SIRT1 expression, supporting a potential role of PARP-2 as a metabolic regulator. 207 Collectively, these data support the importance of PARP-2 in various pathophysiological processes.
5.6.2. PARP-3. Understanding the physiology and pathophysiology of PARP-3 (see Figure 1 ) has largely been focused on its role in DNA repair. Similar to PARP-1 and PARP-2, PARP-3-depleted cells exhibit a significant delay in the repair of DNA breaks upon chemical-or radiation-induced DNA damage. 208 Interestingly, Parp3 −/− mice are viable, fertile, and develop normally without any obvious phenotypes, similar to Parp1 or Parp2 null mice, suggesting the possibility that other PARPs may efficiently compensate for the loss of PARP-3. 209 In line with this possibility, Parp1 −/− Parp3 −/− mice show increased sensitivity toward radiation-induced DNA damage as compared to either single disruption, supporting a functional synergistic crosstalk between both enzymes for DNA damage responses and genome maintenance. 209 Upon DNA damage, PARP-3 uses a mechanism similar to that of PARP-1 to modulate DNA responses. Like PARP-1 (see above), PARP-3 is also recruited to laser-induced DNA damage sites and interacts with components of the classical nonhomologous end-joining (NHEJ) pathway including DNA-PKs, Ku70, Ku80, and DNA ligase IV. 208 The enzymatic activity of PARP-3 is stimulated by DNA double-strand breaks, promoting the recruitment of APLF to DSB sites and accelerating DNA ligation during NHEJ. 210 These studies support a role for PARP-3 as a DNA-damage response protein, which shows some similarities in function with PARP-1. Whether PARP-3 also regulates chromatin structure and gene expression like PARP-1, however, has yet to be determined.
CONCLUSIONS AND PERSPECTIVES
The diverse subcellular locations and functions of PAR and the members of the PARP family provide many opportunities to impact molecular processes and biological outcomes. The functions of the enzymatically active PARP family members are intimately tied to the NAD + biosynthetic pathways, which provide a ready supply of ADPR units for catalysis and targeting, and underlie some of the functional interplay observed with other NAD + -utilizing enzymes (e.g., SIRT1). Some of the best characterized functions of PARP-1 and other PARP family members are in DNA repair and the regulation of gene expression, the latter including modulation of chromatin structure, coregulatory functions, and alteration in DNA methylation. However, exciting recent studies have highlighted a role for PARPs in RNA biology, including rRNA synthesis, ribosome biogenesis, and mRNA regulation. Our understanding of the role of PARPs and PAR in the transcriptional and post-transcriptional regulation of gene expression through modulation of RNA is still in the early stages. Continued identification and characterization of functional interplay between PARPs and RNA may provide important insights into the role of PARPs in RNA regulation.
Although our understanding of PAR and PARPs has come a long way over the past 50 years, many unanswered questions remain. A greater understanding of the subcellular localization, enzymatic activities, and functions of the less well-characterized PARP family members will help to expand our understanding of the biology of this group of proteins. Proteomics and mass spectrometry are leading the way in identifying the sites of ADP-ribosylation on new PARP targets proteins. More needs to be done to understand why these proteins are targeted and how it affects their functions. Structural biology is helping us to understand the structure−function relationships of PARP family members and related enzymes, although we need structures of full-length proteins, as well as protein complexes, to understand the biophysical underpinnings of PARP (and PARG and NAD + biosynthetic enzymes) activity and regulation (auto and allosteric). Such studies may help us to design more specific and more effective PARP inhibitors, perhaps those that can target sites on the protein outside of the catalytic domain. Furthermore, systematic approaches, combining metabolomics and genomics, will also help us to achieve a better Chemical Reviews understanding of the role of PARPs and NAD + metabolism in transcription regulation, including the interplay between nuclear PARPs and SIRT1. Finally, a greater understanding of the physiology and pathophysiology of PARPs will help us to target them more effectively, using PARP inhibitors as therapeutics.
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